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Gene Therapy in Peripheral Blood 
Lymphocytes and Bone Marrow for 
ADA" Immunodeficient Patients 

Ciaudio Bordignori,* Luigi D. Notarangeio, Nadia Nobili, 
Giuliana Ferrari, Giulia Casorati, Paola Panina, Evelina Mazzolari, 
Daniela Maggioni, Claudia Rossi, Paolo Servida, 
Alberto G. Ugazio, Fulvio Mavilio 

Adenosine deaminase (ADA) deficiency results in severe combined immunodeficiency, 
the first genetic disorder treated by gene therapy. Two different retroviral vectors were 
used to transfer ex vivo the human ADA minigene into bone marrow cells and peripheral 
blood lymphocytes from two patients undergoing exogenous enzyme replacement ther- 
apy. After 2 years of treatment, long-term survival of T and B lymphocytes, marrow cells, 
and granulocytes expressing the transferred ADA gene was demonstrated and resulted 
in normalization of the immune repertoire and restoration of cellular and humoral immunity. 
After discontinuation of treatment, T lymphocytes, derived from transduced peripheral 
blood lymphocytes, were progressively replaced by marrow-derived T cells in both pa- 
tients. These results indicate successful gene transfer into long-lasting progenitor cells, 
producing a functional multilineage progeny. 



Severe combined immunodeficiency asso- 
ciated with inherited deficiency of ADA 

(1) is usually fatal unless affected children 
are kept in protective isolation or the im- 
mune system is reconstituted by bone mar- 
row transplantation from a human leuko- 
cyte antigen (HLA)-identical sibling donor 

(2) . This is the therapy of choice, although 
it is available only for a minority of patients. 
In recent years, other forms of therapy have 
been developed, including transplants from 
haploidentical donors (3, 4), exogenous en- 
zyme replacement (5), and somatic-cell 
gene therapy (6—9). 

We previously reported a preclinical mod- 
el in which ADA gene transfer and expression 
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successfully restored immune functions in hu- 
man ADA-deficient (ADA") peripheral 
blood lymphocytes (PBLs) in immunodefi- 
cient mice in vivo (10, 11). On the basis of 
these preclinical results, the clinical applica- 
tion of gene therapy for the treatment of 
ADA - SC1D (severe combined immunodefi- 
ciency disease) patients who previously failed 
exogenous enzyme replacement therapy was 
approved by our Institutional Ethical Com- 
mittees and by the Italian National Commit- 
tee for Bioethics (12). In addition to evaluat- 
ing the safety and efficacy of the gene therapy 
procedure, the aim of the study was to define 
the relative role of PBLs and hematopoietic 
stem cells in the long-term reconstitution of 
immune functions after retroviral vector-me- 
diated ADA gene transfer. For this purpose, 
two structurally identical vectors expressing 
the human ADA complementary DNA 
(cDNIA), distinguishable by the presence of 
alternative restriction sites in a nonfunctional 
region of the viral long-terminal repeat 
(LTR), were used to transduce PBLs and bone 
marrow (BM) cells independently. This pro- 
cedure allo wed identification of th e origin of 




cells, and their progeny, after gene transfer. 

This combined therapy and marking 
strategy allowed us to investigate directly in 
humans some of the basic questions related 
to the potential of retroviral vectors for 
gene therapy in cells of the hemato-lym- 
phopoietic lineages. Although gene transfer 
into human hematopoietic progenitors (13, 
14), peripheral blood stem cells (15), and 
PBLs (16-18) has been extensively demon- 
strated in vitro, the potential for long-term 
survival in vivo after the manipulations re- 
quired for retroviral vector gene transfer 
remains to be proven. In addition, this 
study allowed us to study the feasibility of 
gene transfer into hematopoietic stem and 
progenitor cells, and the potential for long- 
term persistence of differentiated cells in a 
context different from high-dose chemo- 
therapy and BM transplantation (19-21). 
In this system, however, the positive selec- 
tion may represent an absolute requirement 
for favoring the appearance of vector-trans- 
duced cells. 

In ADA" patients, failure of the im- 
mune system to develop is due to the sen- 
sitivity of lymphocytes or their precursors to 
the toxic effects of accumulated ADA sub- 
strates (22). Because it is possible to reduce 
the levels of toxic metabolites in ADA 
cells by providing exogenous ADA (23), a 
nonselective form of ADA replacement 
(that is, transfusion of irradiated red cells 
from normal individuals) has been used to 
treat ADA" patients (24). An improved 
form of treatment was developed by cova- 
lent attachment of polyethylene glycol 
(PEG) to the purified bovine enzyme (23, 
25). PEGilation appears to block access of 
degradative enzymes, antibodies, and anti- 
gen-presenting cells to the protein surface, 
thereby inhibiting clearance from the cir- 
culation (26-28) and prolonging ADA 
plasma half-life from a few minutes to 24 
hours (23). The main biochemical conse- 
quences of ADA deficiency are almost com- 
pletely reversed by PEG-ADA treatment 
(23), resulting in an increase in circulating 
T lymphocytes and improvement of cellular 
immune functions (23, 29). 

In our study, treatment in two patients 
[G.B., patient 1; A.R., patient 2 (30); both 
about 2 years of age] was initiated with 
weekly intramuscular injections of increas- 
ing doses of PEG- ADA (20 and 30 U per 
kilogram of body weight) until plasma 
ADA activity could be maintained at least 
in the normal range of total blood activity. 
The range of ADA activity was stable be- 
tween 20 and 40 |xmol hour" 1 ml" 1 - Before 
initiation of treatment, both patients had 
nearly undetectable intracellular ADA ac- 
tivity, and lymphopenia was observed in 
both patients. Approximately 50% of blood 
mononuclear cells reacted with monoclonal 
antibodies to T cell surface antigens, and 



their proliferative response to mitogens 
ranged from virtually undetectable to 10% 
of normal controls. Both patients showed 
some response in mixed lymphocyte cul- 
ture, although they produced no specific 
antibody and showed no antigen-restricted 
T cell response. Residual immune functions 
were probably due to previous irradiated red 
cell transfusions. During the first year of 
PEG-ADA treatment, lymphocyte counts 
and proliferative responses to phytohemag- 
glutinin (PHA) normalized. 

Immunological reconstitution resulted 
in increased isohemoagglutinin titer and in 
cellular and antibody responses to vaccina- 
tion with tetanus toxoid (TT) (31). Asso- 
ciated with reconstitution of immune func- 
tions was the complete reversion of all clin- 
ical signs of immunodeficiency. However, 
as reported elsewhere (29), the initial re- 
constitution in this case was limited by the 
failure to maintain PBL counts and, more 
markedly, antigen-specific and nonspecific 
proliferative responses. At that point, the 
two patients met the conditions that define 
PEG-ADA treatment failure, as reported in 
our approved clinical protocol (12). Failure 
of treatment was defined by an extensive 
number of laboratory parameters and immu- 
nological assays (12). In both patients, fail- 
ure of treatment was observed in the ab- 
sence of any acute illness or open infection 
episodes and was confirmed in three sepa- 
rate determinations. Waiting for, potential 
recurrence of clinical symptoms such as in- 
fectious episodes, or failure of thriving, was 
considered to be inappropriate. 

Early development of T cells obtained 
during PEG-ADA treatment was crucial to 
the implementation of the gene therapy 
protocol. Administration of PEG-ADA 
continued throughout the study period, al- 
though at decreasing amounts. Therefore, 
the relative role of gene-corrected cells and 
PEG-ADA treatment remains to be com- 
pletely defined, an issue that will be ad- 
dressed during the continuation of this 
study. 

The aim of our study was to evaluate the 
safety and efficacy of the retroviral vector- 
mediated gene transfer procedure and to 
define the relative role of PBLs and BM 
stem and progenitor cells as effectors of 
long-term reconstitution of immune func- 
tions after gene transfer. For this purpose, 
we constructed two different retroviral vec- 
tors, DCAi and DCAm, expressing the hu- 
man ADA cDNA under the control of its 
own promoter, which were used to infect 
PBLs and BM cells, respectively (Fig. 1). 
Both vectors are based on the double-copy 
(DC) design (32) and are structurally iden- 
tical except for the presence of alternative 
restriction sites (Mlu 1 in DCAl and Bss Hll 
in DCAm) in a nonfunctional region of the 
viral LTR (33). This feature allowed un- 



equivocal tracing of the origin (BM or PBL) 
of the transduced cell progeny in the circu- 
lation by a simple polymerase chain reac- 
tion (PCR) analysis on genomic DNA (34). 
Both vectors were packaged in the ampho- 
tropic GP+env Aml2 cell line (33). PBLs 
and T cell-depleted BM cells were trans- 
duced ex vivo either by multiple exposure 
to cell-free viral supernatant or by coculture 
with irradiated packaging cells (35, 36). 
Gene transfer efficiency increased from 1 to 
2.5% up to 40% in total PBLs, with the 
introduction in the procedure of a new 
packaging line and of cocultivation. Gene 
transfer efficiency into CFU-GM and 
BFU-E hematopoietic progenitors averaged 
30 to 40%, as described (37). These fre- 
quencies were estimated by cloning in lim- 
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Cm/ C m / C m / 
Fig. 1. (A) Structure of the DCA/ (lymphocytes) 
and DCAm (marrow) proviruses. A human ADA 
minigene (promoter + full-length cDNA) was in- 
serted into the LTR U3 region of a Moloney murine 
leukemia virus- derived retroviral vector (DCA) (32, 
33). For construction of two vectors that could be 
distinguished from each other after integration 
into the target cell genome, the unique Mlu I re- 
striction site present in a functionally irrelevant re- 
gion of the LTR in DCA/ was converted into a Bss 
Hll site in DCAm (enlarged map). The hatched 
boxes indicate the location of the PCR primers 
used to detect vector DNA in target cells and for 
vector identification. (B) PCR identification of the 
vector integrated into the lymphocytes of patient 1 
3 months after initial administration of DCAMrans- 
duced PBLs and DCAm-transduced BM cells, 
showing the PBL origin of the transduced circu- 
lating lymphocytes. C, control (uncut PCR prod- 
uct); m, marrow-specific Bss Hll cut present tn 
DCAm-transduced cells; /, lymphocyte-specific 
Mlu I cut present in DCAMransduced cells. PCR 
amplification of DNA obtained from the DCA/ and 
DCAm packaging cell lines (Am 12) is shown as a 
control. 
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iting dilution (38) and semi-solid colony- 
forming assays (39), respectively, in the 
presence or absence of G418 and are the 
result of the steady improvement in both 
cell-free infection and coculttvation that 
we have produced in recent years (10, 11, 
18, 37). In particular, our goal has been to 
increase gene transfer frequency while 
maintaining phenotype, immune repertoire, 
and in vivo potential for proliferation, dif- 
ferentiation, and survival. For this purpose, 
short cultivation time under conditions of 
low interleukin-2 (IL-2) concentration 
were developed for the activation and in- 
fection of PBLs (35), while BM cells were 
maintained in a long-term culture system 
over adherent layers without addition of 
exogenous growth factors, and were infect- 
ed during the first 3 days of culture (36). 
This system produces minimal loss of differ- 
entiation capacity and potential for in vivo 
hematopoietic reconstitution (40). No 
G418 selection was applied to infected 
PBLs or BM cells before reinfusion. Trans- 
duction efficiency and production of the 
vector-derived ADA in infected cells was 
determined by PCR and thin-layer chroma- 
tography (TLC), respectively (41). 

In vivo administration of genetically 
modified cells began in March 1992 for 
patient 1 and July 1993 for patient 2. Pa- 
tient 1 received 7.24 X 10 s DCAl-trans- 
duced lymphocytes and 0.35 X 10 8 DCAm- 
transduced progenitor cells in nine injec- 
tions administered intravenously (i.v.) over 
a period of 24 months. Patient 2 received a 
slightly smaller number of cells in five in- 
jections over 10 months. 

We began monitoring the persistence of 
vector- transduced cells at monthly (or bi- 
monthly) intervals from the first infusion. 
Analyses were performed both on bulk pop- 
ulations of cells of different origin, for the 
indication of origin of transduced cells, and 
on clonal assays for quantitation of trans- 
duced BM and PBLs. Six months after the 
beginning of treatment, long-term survival 
of transduced cells was demonstrated in both 
patients by the presence of vector-derived 
sequences in the DNA extracted from pe- 
ripheral blood mononuclear cells, total BM 
cells, mature granulocytes (Fig. 2A), individ- 
ual T lymphocyte clones (Fig. 3), and BM 
progenitors (BFU-E, CFU-GM, and CFU- 
GEMM) in clonal culture (41). ADA pro- 
duction at levels substantially greater than 
observed in untransduced ADA - controls 
was observed in PBLs, BM, and granulocytes 
(Fig. 2C). The proportion of genetically 
modified cells in BM and circulating blood 
was monitored throughout the study by BM 
and T cell clonal assay in the presence of 
G418, and indirectly from the amount of 
ADA activity in total cell populations from 
BM and peripheral blood. In both patients, 
this proportion ranged between 5 and 30% 

?#7?.-..,. 



of clonable BM progenitors and between 0.8 
and 8.5% in PBLs. Total ADA activity 
ranged between 5 and 18% of normal values 
in both patients 1 nucleated cells in the 
blood. Sixteen months after discontinuation 
of treatment, ADA activity in total circulat- 
ing nucleated cells was 126 nmol hour -1 per 
milligram of protein in patient 1 and 77 
nmol hour -1 per milligram of protein in 
patient 2 (internal normal control, 1157 
nmol hour^ 1 per milligram of protein; for 
method see legend to Fig. 2). At the same 
time, in patient 1, the frequency of trans- 
duced G418-resistant T cell was 4.76% and 
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that of clonable BM progenitors was 25°A 
in patient 2 these frequencies were 2.0 
and 17%, respectively. During this perio 
in patient 1, and more recently in patier 
2,' ADA activity became reprqducibly de 
tectable also in circulating erythrocyte 
(Fig. 2C). Vector-derived ADA activity i: 
individual T cell clones was comparabl 
to, or higher than, that of normal control 
(legend to Fig. 2C), as observed in T eel) 
that survived in vivo selection in the humai 
PBL-SC1D mouse preclinical model (1C 
1 1 ). ADA activity in Neo-resistant BM col 
onies also averaged normal levels (41) 
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Fig. 2. Persistence of 
transduced hematopoi- 
etic cells in vivo and anal- 
ysis of their origin. During 
3 years after initiation of 
the gene therapy trial, 
persistence of trans- 
duced PBLs and BM 
cells, and expression of 
vector-derived ADA ac- 
tivity were documented 
at regular intervals. (A) 
Detection of transduced 
cells by PCR analysis for 
the NeoR gene was con- 
sistent throughout the 
follow-up of patient 1 in 
PBLs (L), BM cells (M), 
and circulating granulo- 
cytes (G). + and PCR positive and negative controls, respectively. (B) Analysis of the identity of the 
integrated vector showed that vector-positive lymphocytes were initially all derived from long-livec 
transduced PBLs, as demonstrated by the presence of the DC A/ -specific PCR pattern (7 and 1£ 
months), whereas BM and granulocytes showed the DCAm-specific pattern (21 , 29, and 35 months) 
Three years after initiation and 1 year after discontinuation of treatment, DCAm-specific signals started tc 
appear in the DNA extracted from PBLs, indicating progressive conversion of the circulating, geneticall> 
modified lymphocyte pool from a predominantly PBL-derived to a BM progenitor- derived population (35 
months). This observation was further confirmed by the analysis of Neo-resistant, peripheral blood T eel 
clones (Fig. 3). (C) In parallel, vector-derived ADA activity was monitored by TLC in total PBLs (L) and BM 
cells (M) of patient 1 . G, granulocytes; R, red blood cells. Two positive controls are provided: ADA activity 
(mean ± SE) from a pool of normal individuals (A), and ADA activity from a polyclonal PBL line from the 
same patient transduced in vitro and selected in G418 (A). Lysates were prepared from 1 x 10 s cells in 
10 |xl of CGLB buffer by three cycles of freeze and thaw. ADA enzyme activity was analyzed by the 
14 C-adenosine to 14 C-inosine conversion assay followed by TLC (37). Cell lysates from individual clones 
(—2 x 1 0 5 cells) were normalized for protein content by the BIO-RAD protein assay (Bio-Rad Laboratories 
GmbH, Munich, Germany). Positive and negative controls were, respectively, lysates from normal PBLs 
and uninfected, IL-2-stimulated ADA~ PBLs, because IL-2 stimulation is reported to increase the 
efficiency of ADA expression in ADA - cells (37). TLC plates were exposed for 3 days in a Phosphorlmager 
(Molecular Dynamics, Sunnyvale, California). Ratio of adenosine conversion is expressed as nmol hour -1 
mg" 1 . 
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Fig. 3. Origin of T cell Ami 2 T cell clones 

clones obtained from the 
peripheral blood of patient 
1 (top) and patient 2 (bot- 
tom) 1 year after discon- 
. tinuation of treatment. 
Clonable T cells contain- 
ing the DCA/ vector di- 
minished markedly (patient 1) or became nearly 
undetectable (patient 2), and were replaced by 
BM-derived T cells, marked by the presence of 
the DCAm vector. Numbers indicate representa- 
tive individual clones, PCR amplification of DNA 
obtained from the DON and DCAm packaging cell lines (Am 12) is shown as a control. 
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Spontaneous revertants (ADA-positive, 
vector-negative) were not observed in ei- 
ther peripheral blood or BM. 

Initially, the analysis of the retroviral 
vector amplified from the DNA of circulat- 
ing lymphocytes indicated that genetically 
modified cells were derived from a pool of 
long-lived PBLs originally transduced with 
the DCAI vector (Fig. IB). This finding was 
consistent throughout the period of admin- 
istration of transduced PBLs and BM cells 
(Fig. 2B, at 7 and 19 months, for example), 
whereas total BM cells (Fig. 2B, at 21 and 
35 months, for example) and circulating 
granulocytes (Fig. 2B, at 29 months, for 
example), always showed the DCAm-specif- 
ic restriction pattern or .marrow-derived 
cells. However, about 1 year after discon- 
tinuation of gene therapy, both PBL- and 
BM-derived lymphocytes were detectable in 
the circulation (Fig. 2B, at 35 months). At 
that time, Neo-resistant, clonable T cells 
containing the PBL-specific DCAI vector 
sharply decreased (Fig. 3, patient 1) or be- 
came undetectable (Fig. 3, patient 2) and 
were progressively, replaced in the circula- 
tion by T cells containing the BM-specific, 
DCAm vector. To confirm this important 
finding, we evaluated two additional time 



points, subsequent to the data in Figs. 2 and 
3, on bulk populations and on T lympho- 
cyte clones. Thirty-eight clones from pa- 
tient 1 were analyzed for their origin; 26 
were derived from marrow, 6 could not be 
unequivocally determined, and 9 contained 
the DCAI vector. Similarly, of 49 clones 
obtained from patient 2, 6 could not be 
clearly determined, 6 contained the DCAI 
vector, and all others were derived from 
marrow. 

These results show that short-term im- 
mune reconstitution was sustained in the 
two patients by a population of peripheral 
blood-derived, ADA-producing lympho- 
cytes with a life-span in the circulation 
ranging between 6 and 12 months. We have 
previously shown that this population con- 
tains both mature T cells and immature, or 
naive, precursors (II, 13). Conversely, 
long-term reconstitution resulted almost 
exclusively from transduced, BM-derived 
hematopoietic stem and progenitor cells ca- 
pable of generating multilineage progenies 
of ADA-producing cells, that is, lympho- 
cytes, granulocytes, and (more recently) 
erythrocytes. 

A fundamental hypothesis underlying 
this study, was the possibility that genetical- 



Fig. 4. Immune reconsti- 
tution during the PEG- 
ADA and gene therapy 
trial for patient 1 (left) and 
patient 2 (right). CD3 + , 
CD4 + , and CD8 + lym- 
phocyte counts are plot- 
ted against age for the 
duration of the trial. Dos- 
es of PEG-ADA adminis- 
tered to the patients are 
shown in the upper part 
of the graphs. The black 
boxes (GT) indicate the 
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Table 1. Quantitation of isoagglutinin titer, and antigen-specific antibody production and proliferative 
response after vaccination with tetanus toxoid (TT). IgG, immunoglobulin G; ND, not done. 



Time of test 



Anti-B isoagglutinin 
titer 



Serum titer of 
anti-TT IgG* 



Proliferative response 
(10 3 cpm)t 



Patient 1 Patient 2 Patient 1 Patient 2 Patient 1 Patient 2 



Before immunization 
PEG-ADA response 
PEG-ADA failure 
After gene therapy I 
After gene therapy II 


ND 
1/8 
1.8 
1/16 
1/32 


1/2 
1/16 
1.5 
1/32 
1/32 


2.4 
1600 
ND 
ND 
ND 


0.2 
130 
34 
88 
ND 


0.5 * 
26.4 

1.8 
50.3 
82.2 


1.6 
15.7 

1.5 
67.6 
96.5 



ly corrected cells would benefit from a se- 
lective advantage over noncorrected cells. 
Our experimental design has made it possi- 
ble to obtain data in support of this hypoth- 
esis. The first line of evidence comes from 
the progressive appearance of marrow-de- 
rived PBLs, generated over time from a 
relatively small number of genetically mod- 
ified precursors contained in the transduced 
marrow cell population (Figs. 2 and 3). 
Additional evidence comes from the anal- 
ysis of the integrated retroviral vectors. In a 
recent comparative analysis of different 
vector constructs designed for gene transfer 
of reporter genes in human PBLs, we dem- 
onstrated that the DC construct carries an 
inherent instability that results in loss of 
the gene inserted in the viral LTR (18). 
Such instability could affect 50% of inte- 
grated proviruses, depending on the size and 
nature of the inserted gene. In the present 
study, the analysis of over 200 T cell clones 
obtained at different times during the fol- 
low-up of the two patients showed no rear- 
rangement that might have eliminated the 
ADA gene, and consequently its expres- 
sion. Conversely, loss of the ADA gene 
could be detected only in marrow-derived 
colonies and T cell clones that had been 
transduced and cultured in vitro, in the 
absence of any positive selection (41). 
These observations indicate that, in ADA - 
SCID patients, ADA-producing cells have 
a selective advantage over noncorrected 
ADA" cells, as previously suggested in the 
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Fig. 5. Immune reconstitution during the PEG- 
ADA and gene therapy trial for patient 1 (top) and 
patient 2 (bottom). T cell proliferative response to 
mitogenic stimulus is presented as stimulation 
index (cpm of stimulated samples divided by 
cpm of unstimulated cells) and is plotted against 
age of the patients. Shaded areas indicate the 
range of the stimulation index of normal internal 
controls. Response to TT followed a comparable 
kinetics. Arrows indicate initiation of enzyme re- 
placement therapy (PEG-ADA) and administra- 
tion of genetically modified cells (gene therapy). 
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Fig. 6. Development of a 
normal T cell receptor 
repertoire in patient 1 af- 
ter gene therapy treat- 
ment. Different T cell re- 
ceptor Vp-chain usage at 
the time of failure of the 
PEG-ADA treatment (A), 
1 year after the begin- 
ning of gene therapy (B), 
and 1 year after discon- 
tinuation of transduced 
cell administration (C), as 
analyzed by RT-PCR amplification with V p chain-specific primers (48) 
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human PBL-SCID mouse preclinical model 
(10,11). 

Immune reconstitution induced by PEG- 
ADA treatment lasted for over 3 years in 
patient 1 and for a shorter period in patient 
2, despite administration of a 50% higher 
PEG -ADA dose in the latter (Figs. 4 and 
5). In association with a progressive decline 
in PBL counts, the immune response de- 
creased markedly over a short period of time 
(Figs. 4 and 5 and Table 1). Administration 
of genetically modified cells rapidly restored 
immune functions in both patients, result- 
ing in normalization of total lymphocyte 
counts (Fig. 4) and cellular and humoral 
responses, including sustained isohemoag- 
glutinin titer, antigen-specific antibody 
production, and mitogen- and antigen-spe- 
cific proliferation (Fig. 5 and Table 1). The 
* T cell receptor repertoire, analyzed by the 
Vfj chain usage, normalized progressively 
(Fig. 6). In patient 2, the overall response to 
gene therapy was similar to that of patient 
1, despite administration of a smaller num- 
ber of genetically modified PBLs and BM 
cells. There have been no serious infections 
in the two patients throughout the PEG- 
ADA treatment and after the beginning of 
gene therapy. The patients received no oth- 
er treatment, except for high-dose immuno- 
globulins administered intravenously and 
prophylactic antibiotic treatment, both of 
which were discontinued after indications 
of full immunologic reconstitution. Before 
the beginning of the PEG-ADA treatment, 
the patients showed severe growth failure, 
ranging below the fifth percentile for height 
and weight. Enzyme replacement and gene 
therapy had a marked clinical impact, re- 
sulting in normalization of height and 
weight. Patient 2, who had a very limited 
initial response to PEG-ADA, resumed nor- 
mal growth only after gene therapy. Serum 
chemistry values, blood counts, and urinal- 
ysis indicated no toxicity from PEG- AD A 
or gene therapy treatments. Monitoring of 
the two patients for the presence of recom- 
binant helper virus was consistently nega- 
tive. 

The results of the long-term follow-up 
have two main implications: the selection of 



an optimal treatment for ADA" SCID pa- 
tients and, more generally, the potential ap- 
plication of similar gene therapy approaches 
to the treatment of genetic and acquired dis- 
eases. Our study clearly indicates the feasibil- 
ity of direct BM cell gene therapy; however, in 
specific circumstances, genetically modified 
PBLs may provide a prompt supply of immune 
effector cells until development of BM-de- 
rived lymphocytes. If it is nroven to be effica- 
cious over time, -this procedure could repre- 
sent a less toxic alternative to unrelated or 
HLA-mismatched marrow transplants. In the 
prospective extension of these results to the 
design of other gene therapy clinical trials, 
gene transfer into hematopoietic progenitors 
can be achieved also in the absence of the 
stress conditions associated with cytoreduc- 
tion and BM transplantation. However, in 
steady-state hematopoiesis a considerable 
time lag may be required before appearance of 
genetically modified cells in the blood. Under 
these conditions, the positive selection may 
represent an absolute requirement for favoring 
the appearance of vector- transduced cells. 
Such positive selection may be "naturally" 
present in other genetic or acquired diseases 
[for example, acquired immunodeficiency syn- 
drome (AIDS)] or could be built into the 
vector as a drug- resistance gene. 
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T Lymphocyte-Directed Gene Therapy for ADA 
SC!D: Initial Trial Results After 4 Years 

R. Michael Blaese,* Kenneth W. Culver, A. Dusty Miller, 
Charles S. Carter, Thomas Fleisher, Mario Clerici,t 
Gene Shearer, Lauren Chang, Yawen Chiang, Paul Tolstoshev, 
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Melvin Berger, Craig A. Mullen, £ W. Jay Ramsey, Linda Muul, 
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In 1990, a clinical trial was started using retroviral-mediated transfer of the adenosine 
deaminase (ADA) gene into the T cells of two children with severe combined immuno- 
deficiency (ADA - SCID). The number of blood T cells normalized as did many cellular and 
humoral immune responses. Gene treatment ended after 2 years, but integrated vector 
and ADA gene expression in T cells persisted. Although many components remain to be 
perfected, it is concluded here that gene therapy can be a safe and effective addition to 
treatment for some patients with this severe immunodeficiency disease. 



The possibility of using gene transfer as a 
therapy for human disease has great appeal. 
The decision to enter clinical trials awaited 
the development of safe and efficient tech- 
niques of gene transfer and improved un- 
derstanding of the basic pathology and bi- 
ology underlying likely candidate diseases 
and target cells. The advent of useful retro- 
viral vectors that permitted relatively high 
efficiency gene transfer and stable integra- 
tion was a critical advance ( ] , 2), as was the 
demonstration that this procedure of gene 
transfer could be effectively and safely used 
in humans (3). 

Severe combined immunodeficiency 
secondary to a genetic defect in the purine 
catabolic enzyme adenosine deaminase 
[ADA - SCID] is characterized by defective 
T and B cell function and recurrent infec- 
tions, often involving opportunistic patho- 
gens. Large amounts of deoxyadenosine, an 
ADA substrate, are present in these pa- 



tients; deoxyadenosine is preferentially con- 
verted to the toxic compound deoxyade- 
nosine triphosphate in T cells, disabling the 
immune system (4). 

Because this disease is curable by alloge- 
neic bone marrow transplantation given 
without pretransplantation cytoreductive 
conditioning, it was initially assumed that 
gene therapy should be directed at the bone 
marrow stem cell. However, initial attempts 
to use stem cell gene transfer in primates 
resulted in only low-level, transient gene 
expression, insufficient for clinical use. The 
observation that the only donor cells de- 
tected in some patients "cured" by alloge- 
neic bone marrow transplantation was their 
T cells — the others remaining ADA-defi- 
cient (5) — raised the possibility that T cell- 
directed gene therapy also might be a useful 
treatment. 

The introduction of enzyme replace- 
ment with ADA-containing erythrocytes 



(6) or with bovine ADA conjugated with 
polyethylene glycol (PEG-ADA) (7) has 
made this approach feasible. PEG-ADA has 
provided noncurative, life-saving treatment 
for ADA - SCID patients; with this treat- 
ment, most patients have experienced 
weight gain and decreased opportunistic in- 
fections. Full immune reconstitution has 
been less regularly achieved with enzyme 
therapy. T cell function as measured by in 
vitro mitogen responses improved in most 
patients, but fewer patients recovered con- 
sistent immune responses to specific anti- 
gens [for instance, as measured by normal 
delayed- type hypersensitivity (DTH) skin 
test reactivity] {8-10). Nearly all PEG- 
ADA-treated patients showed increased 
peripheral T cell counts, which provided a 
source of T cells, for gene correction not 
available without enzyme therapy. Further- 
more, enzyme treatment could be continued 
during the gene therapy trial so that the 
ethical dilemma of withholding or stopping 
a life-saving therapy to test an unknown 
treatment could be avoided. 

The adenosine deaminase complemen- 
tary DNA (cDNA) (I J) is 1.5 kb and fits 
within a retroviral vector. With the use of 
an ADA-containing retroviral vector, 
ADA-deficient T cell lines were transduced 
to express normal amounts of ADA; this 
rendered them normally resistant to intox- 
ication and growth inhibition when chal- 
lenged with deoxyadenosine (12, 13). 
Next, studies in mice, rabbits, and nonhu- 
man primates using T cells modified with 
retroviral vectors showed normal cell sur- 
vival and function after their reintroduc- 
tion into recipient animals (14). Finally, 
Bordignon and colleagues (15) showed that 
ADA gene- corrected T cells acquired a 
survival advantage compared with uncor- 
rected ADA T deficient cells when trans- 
planted into immunodeficient, but ADA- 
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